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a b s t r a c t
A ﬁeld-programmable gate array (FPGA)-based transverse feedback damper system was implemented in
the Spallation Neutron Source (SNS) accumulator ring with the intention to stabilize the electron–proton
(e–p) instability in the frequency range of 1–300 MHz. The transverse feedback damper could also be
used as a diagnostic tool by measuring the beam transfer function (BTF). An analysis of the BTF
measurements provides the stability diagram for the production beam at SNS. This paper describes the
feedback damper system and its setup as the BTF diagnostic tool. Experimental BTF results are presented
and beam stability is analyzed by use of the BTF measurements for the SNS accumulator ring.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The Spallation Neutron Source (SNS) at the Oak Ridge National
Laboratory is a high-intensity neutron-scattering research facility. The
facility uses a 1 GeV proton beam on a spallation target. For this use,
SNS delivers 24 μC pulses, which are 695 ns long, at a 60 Hz repetition
rate to a spallation target. There are upgrade plans to bring the beam
power of the SNS accelerator to 2 MW [1]. Interactions between
electrons and the proton beam in the ring may produce an electron–
proton (e–p) instability. In 2006, Danilov et al. [2] observed an e–p
instability with its peak at 78 MHz at 2 1013 proton particles for a
high intensity coasting beam with zero chromaticity. In 2008, a series
of dedicated high intensity experiments [3] were performed to create
an e–p instability on the bunched beam by varying the ﬁrst harmonic
RF cavity. Observations demonstrated that an e–p instability was
established with peak frequencies in 60–80MHz band beginning at
the 550th turn of beam accumulation in the vertical plane and the
650th turn in the horizontal plane [3]. In 2011, Cousineau reported
that the location of the instability within the beam bunch, the plane in
which it occurs, and the threshold intensity of the e–p instability at
SNS all vary on a case-by-case basis [4]. In the 2012 Accelerator
Advisory Committee Close-out Report1 for the Spallation Neutron
Source, it was reported: “There have been some studies of instability
dependencies on various machine parameters, but recently there have
been few studies at higher currents where these instabilities are likely
to be a problem.” As SNS continues to increase the beam intensity, the
e–p instability is believed to have the potential to increase beam loss
and ultimately limit the amount of power that can be delivered to the
target.
Beam feedback dampers have been used effectively to control
instabilities in various high-intensity proton accumulator rings [5–9].
The transverse feedback damper system [10–12] for the accumulator
ring at the SNS was developed to stabilize the production beam for
potential e–p instability. The feedback damper system consists of two
independent transverse feedback dampers, a horizontal and a vertical.
Both feedback dampers are band limited between 1 and 300MHz.
Feedback damper systems have demonstrated their capability as
powerful beam diagnostic tools by measuring the beam transfer
function (BTF) at several high intensity accumulator rings [13–15].
With this technique, the transverse BTF measurement provides direct
measurement of themachine impedance, fractional betatron tune, and
the beam stability diagram. However, few studies have been con-
ducted on applying the BTF measurement and connecting the
measurements to stability diagram theory. Chou et al. [13] showed
some results of vertical BTF measurements in the Fermilab main ring.
Eddy et al. [14] demonstrated that the stability diagram for the
Fermilab Recycler ring might indicate some stability shift caused by
its machine impedance. Paret et al. [15] showed an effective method
for examining the dependence of space charge effects on beam
intensity by measuring the stability diagrams acquired at a heavy
ion synchrotron.
This paper presents the stability diagram theory and connects the
analysis and theory with BTFmeasurements. In the BTF measurements,
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efforts have been made to account for de-embedding effects caused by
electrodes, digital/analog circuitry, ampliﬁers, and beam current from
the S-parameter transmission measurements. Experimental results
show that this technique is particularly useful for measuring the beam
stability for transverse modes within the system bandwidth.
2. Description of the transverse feedback damper system
at SNS
There are two transverse feedback dampers in the transverse
planes at SNS. Fig. 1 shows a general block diagram of the damper.
Each damper consists of a beam pickup electrode, a mixed-signal
electronic system, power ampliﬁers, and a beam kicker electrode. The
electronic system consists of an RF hybrid, low-level RF (LLRF)
circuitry, an FPGA-based digital signal processor, and two 400W
Eltac=InterTronics RA961 power ampliﬁers [16] for driving the kicker.
The system delay and gain are both ﬂexible variables that can be
digitally adjusted. The revolution harmonics are rejected by use of a
comb ﬁlter designed on the FPGA. A digital FIR ﬁlter is implemented to
compensate for dispersion caused by the cables and RF electronics.
The system operates in a bandwidth between 1 and 300MHz in each
plane. For timing and diagnostic measurements, each damper is
triggered and synchronized by the accelerator timing system.
3. Beam transfer function theory
The transverse equation of motion [17] for a single particle
driven by a sinusoidal excitation A  e jωt and being subject to
collective effects is given by
d2yðtÞ
dt2
þΩ2i  yðtÞ ¼ A  e jωtþ j 
eI0  〈y〉
γm0L
 Z? ð1Þ
where y is the transverse beam displacement, 〈y〉 denotes the
average transverse beam displacement, Ωi is the betatron fre-
quency of an individual particle, e and m0 are the charge and mass
of the charged particle, respectively, I0 is the beam current, γ is the
relativistic mass factor, L is the accelerator circumference, and Z?
is the transverse impedance of the accelerator. Eq. (1) can be
described as a feedback loop given by Fig. 2, where the outer loop
is described by the driving term related to Z? . Without loss of
generality, additional feedback loops can be added for driving
terms related to other instabilities or feedback dampers.
The BTF with zero accelerator impedance is given by [17,18]
B0ðωÞ ¼
1
2
πρðωÞþ j  P:V:
Z 1
1
ρðΩiÞ
Ωiω
dΩi
  
ð2Þ
where P:V: stands for the principal value of the integral and ρ is the
normalized distribution of the spread in betatron frequency Ωi.
Assume that the average beam response is
〈y〉ðtÞ ¼ y1  e jωt : ð3Þ
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Fig. 1. Block diagram of the SNS transfer feedback damper.
Fig. 2. Feedback loop for Eq. (1). The outer closed loop is the driving term related to
the machine impedance Z? . Without loss of generality, additional feedback loops
can be added for driving terms related to other instabilities or feedback dampers.
Fig. 3. The stability region obtained by plotting the inverse of the BTF on a complex
plane. A beam is unstable when its stability diagram resides in the shaded area.
Fig. 4. Schematic of a beamwith the feedback damper. Schematic of the beamwith
the feedback damper: (a) schematic of a beam with an open-loop measurement by
using a network analyzer between the components of the feedback damper,
(b) schematic of a beam with a closed-loop transverse damper.
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Substituting Eq. (3) into Eq. (1), Eq. (1) can be rewritten as
ω2þΩ2i ¼
A
y1
þ j  eI0Z?
γm0L
: ð4Þ
The BTF with accelerator impedance Z? ðωÞ is deﬁned [17–19] as
BðωÞ ¼ jω  y1
A
¼ 1
1
B0ðωÞ
 eI0
ωγm0L
 Z?
ð5Þ
and the inverse of the BTF is given by
1
BðωÞ ¼
1
B0ðωÞ
eI0  Z? ðωÞ
ωγm0L
: ð6Þ
Consider a narrow beam spectrum around a betatron frequency
ωβ and a driving frequency near the spectrum ωωβ , and insert
Eqs. (5) and (6) into Eq. (4). Eq. (4) can be rearranged as
ωΩi ¼ 
1
2ωβ
 A
y1
þ j  eI0Z?
γm0L
 
¼  1
2ωβ
 jωβ
BðωÞþ jωβ 
1
B0ðωÞ
 1
BðωÞ
  
ð7Þ
which can be simpliﬁed to
ω¼Ωi
j
2
 1
B0ðωÞ
: ð8Þ
Recall that in Eq. (3), the beam response is 〈y〉ðtÞ ¼ y1  e jωt . A
resistive beam response is required to stabilize the transverse
beam oscillation. The beam can be stabilized only when the
imaginary part of ω in Eq. (8) is negative:
Im ωf g ¼ Re 1
2
 1
B0ðωÞ
 
o0: ð9Þ
The boundary condition of a stable beam is therefore given by
Re
1
B0ðωÞ
 
40: ð10Þ
The evaluation of the beam stability can be measured by plotting
the curve of the inverse of the BTF [19] in the complex plane. The
proximity of the curve to the imaginary axis of the right half plane
indicates a measure of the beam stability. One can plot the stability
diagram for different beam intensities I0, different modes, and different
times of accumulation. If the plot of 1/B(ω) is in the left-half complex
plane, as in Fig. 3, the beam will be unstable.
port1 port2
Fig. 5. The BTF measurement setup at SNS. The network analyzer is connected between the LLRF and the delay chassis of the feedback damper. The network analyzer depicts
a S21 measurement centered at n ω0 showing both betatron sidebands.
Fig. 6. The horizontal BTF and the stability diagram for the 50th mode of the SNS production beam at 150 μs of beam accumulation. The left curves in blue are the
magnitude, phase, and corresponding stability diagram of the lower sideband; the right curves are for the upper sideband. (For interpretation of the references to color in
this ﬁgure caption, the reader is referred to the web version of this paper.)
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If a driving term G0ðωÞ ¼ j  GðωÞ is added, where GðωÞ is positive
real and related to the transverse feedback damper system (including
cables, electronics, power ampliﬁers, pickup, and kicker), open-loop
measurements can be performed by using a network analyzer
between the components of the feedback damper as shown in
Fig. 4(a). Fig. 4(b) shows a schematic of a beam with a closed-loop
transverse damper, where BðωÞ denotes the natural beam transfer
function. The open-loop transfer function of the system is given by
SOpenLoopðωÞ ¼ G0ðωÞ  BðωÞ=jω: ð11Þ
The inverse of the BTF with a closed-loop feedback damper can be
described as
1
BClosedLoopðωÞ
¼ 1
BðωÞþ
GðωÞ
ω
: ð12Þ
A curve 1=BClosedLoopðωÞ plotted in the complex plane is shifted
towards the right half plane under the assumption that GðωÞ is
positive real. Hence, only the real part of the damper system response
is effective in stabilizing the beam.
4. BTF diagnostics at SNS
The BTF measurements used an Agilents E5071C ENA vector
network analyzer for the S21 measurement. Fig. 5 illustrates the
setup of a BTF measurement. The port2 on the network analyzer is
connected to a hybrid through which the measured signal is the
difference signal from the pickup. The signal from port1 is sent
through the feedback damper to supply kicking signals to excite
the beam transversely. The components of the digital feedback
Fig. 7. Stability diagram measured at different accumulation times of the 50th to the 80th horizontal modes for the SNS production beam. The left column shows stability
diagrams for the lower sidebands and the right column shows the upper sidebands. Diagrams were measured at 150 μs (blue), 350 μs (green), 550 μs (red), and 750 μs (cyan)
of beam accumulation. Only measurements around the peak of the sidebands with a high SNR are displayed. (For interpretation of the references to color in this ﬁgure
caption, the reader is referred to the web version of this paper.)
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damper, such as the comb ﬁlter and the digital delay and gain, are
all bypassed. The overall system is triggered by a timing card such
that the BTF measurement may be performed at any time during
the 1 ms of beam accumulation. A description of the damper can
be found in [20]. The BTF measurement is performed by sweeping
the network analyzer over a frequency centered at n ω0 with a
span of ω0, where n is the mode number and ω0 is the ring
revolution frequency.
4.1. Calibration for BTF measurement
The BTF measurement is made through the feedback damper as
in Fig. 5. The impedance of the electrodes, digital/analog circuitry,
ampliﬁers, and coaxial cable are naturally embedded in the S21
measurement. The S21 measured by the network analyzer can be
given by
S21ðωÞ ¼ port2
port1
¼ I0ðωÞ  S? ðωÞ  HRF ðωÞ  HLðωÞ  K ? ðωÞ 
BðωÞ
jω
ð13Þ
where I0ðωÞ is the beam current, S? ðωÞ is the pickup sensitivity,
HRF ðωÞ is the transfer function of the digital and analog circuitry of
the feedback damper including cables, HLðωÞ is the transfer function
of the power ampliﬁer, K ? ðωÞ is the kicker function, and BðωÞ is the
beam transfer function. Each of the components in Eq. (13) can be
either measured with a network analyzer or calculated with electro-
dynamic codes. Hence, BðωÞ can be calculated by de-embedding the
factors out of the S21 measurements.
Fig. 8. Stability diagram measured at different accumulation times of the 50th to the 80th vertical modes for the SNS production beam. The left column shows stability
diagrams for the lower sidebands and the right column shows the upper sidebands. Diagrams were measured at 150 μs (blue), 350 μs (green), 550 μs (red), and 750 μs (cyan)
of beam accumulation. Only measurements around the peak of the sidebands with a high SNR are displayed. (For interpretation of the references to color in this ﬁgure
caption, the reader is referred to the web version of this paper.)
Z. Xie et al. / Nuclear Instruments and Methods in Physics Research A 788 (2015) 161–167 165
4.2. BTF diagnostics
The BTF measurements were performed on an 850 MeV pro-
duction beam. The revolution frequency was 1.045883 MHz and
the tune was about 6.2 on both transverse planes. The measure-
ments were performed on the SNS production beam starting at
150 μs;350 μs;550 μs, and 750 μs of beam accumulation. The BTFs
were measured at every 10th mode from the 20th to the 130th
mode on both transverse planes.
Fig. 6 shows an example of a horizontal BTF measurement and its
stability diagram for the 50th mode at 150 μs of beam accumulation.
The left curves in blue are the magnitude, phase, and corresponding
stability diagram of the lower sideband; the right curves are for the
upper sideband. The BTF measurement results can be modeled as a
cavity resonator with a Q factor of about 1300 at mode 50. Since
signal magnitude drops rapidly outside a certain frequency span,
only measurements around the peak of the sidebands with a high
signal-to-noise ratio (SNR) are displayed. Fig. 6 reveals that the SNS
production beam on the 50th mode is stable at 150 μs in the
horizontal plane because the stability diagrams of both sidebands
have a positive real part, as determined in Eq. (10).
The stability diagrams for the 20th to the 130th modes have been
compared at different beam accumulation times to study how beam
stability evolves during accumulation. Since previous experiments [3]
have shown an energy concentration with peak frequencies in the 60–
80MHz band when the beam was driven by the ﬁrst harmonic RF
cavity, the stability diagrams for the horizontal modes between modes
50 and 80 are shown in Fig. 7, and the stability diagrams for the vertical
modes between modes 50 and 80 are shown in Fig. 8. In both ﬁgures,
the left column plots the stability diagrams for the lower sidebands and
the right column plots the upper sidebands. In each plot, the stability
diagrams were measured at 150 μs (blue), 350 μs (green), 550 μs
(red), and 750 μs (cyan) of the beam accumulation.
The results show that all the measured modes in both planes have
a positive real magnitude and their stability diagrams reside in the
stable region of the complex plane. Hence, the SNS production beam
is a stable beam. The plot ﬁlls each graph differently for different
modes. This is because the plots were truncated and only measure-
ments around the peak of the sidebands with a high SNR were
displayed. The Q factor increases from about 600 at mode 20 to about
2300 at mode 120. Since a high Q value results in a narrow frequency
span with the same average SNR, the plot in a higher mode, such as
mode 80 in both Figs. 7 and 8, shows a narrower opening compared
with a lower mode, such as mode 50. Additionally, the distance of the
curve to the imaginary axis indicates a measure of beam stability, and
the distance does not vary signiﬁcantly throughout beam accumula-
tion in both transverse planes. We observe that the distance to the
imaginary axis is dependent on the mode number in both transverse
planes. For the horizontal plane, the distance of the stability diagram
to the imaginary axis is smaller for the modes in the 50th to 70th
range than for those outside this range. For the vertical plane,
similarly, the distance is also smallest for modes in the 50th to
70th range.
5. Intensity threshold for the observed modes
The feedback damper system has demonstrated its capability of
identifying marginally stable modes before the onset of an instability
occurs. Hence, a discussion of an intensity threshold for the observed
modes is performed. Eq. (6) shows that the stability diagram at a
particular mode is related to the beam current. If it is assumed that the
machine continues to perform similarly as it performed at the end of
the accumulation cycle for themeasurements presented in Figs. 7 and 8,
an estimate of the intensity threshold for an instability can be made.
Let I1 denote the beam current at turn 780 and I2 denote the
threshold beam current where the beam stability starts to develop. An
increase of beam current from I1 to I2 can be evaluated using Eq. (6) to
estimate an intensity threshold, on a mode-by-mode basis for which
the beam current in the ring could begin to be unstable. The additional
accumulation turns can be calculated and the results are summarized
in Table 1 for a 15:3 μC, 850 kW beam. In Table 1, the upper sideband
is presented because the lower sideband shifts the stability diagram in
the right-hand direction, or positive real direction shown in Fig. 3,
while the upper sideband shifts in the left-hand direction, or negative
real direction.
The results in Table 1 reveal that the upper sideband of the 70th
mode in the horizontal plane has the smallest threshold beam
intensity where an additional 156 turns of beam accumulation may
occur before the beam is expected to begin to exhibit unstable
behavior.
6. Conclusions
The BTF measurement is a useful tool for analyzing beam stability.
In this paper, an analysis of the BTF and stability diagram is presented
for a high intensity beam subject to collective effects caused by
machine impedance. The transverse BTF diagnostic was performed
on the SNS production beam. Transverse BTFs and their correspond-
ing stability diagrams were presented for the beam measured at 150,
350, 550, and 750 μs of beam accumulation. Experimental results
show that the beam is stable for the current production conditions.
Among the 20th to the 130th transverse modes, however, the 50th to
the 70th horizontal modes and the 50th to the 70th vertical modes
have the smallest real components. The experimental data indicates
that an additional 156 turns of beam accumulation may occur before
the threshold of unstable beam behavior begins.
Acknowledgements
The authors are grateful to Dr. Robert Hardin for setting up the
BTF measurement and Dr. Viatcheslav Danilov for technical discus-
sions. The authors would also like to sincerely thank A. Webster, C.
Peters, J. Bryan and J. Diamond for their technical expertise. Research
conducted at ORNL's Spallation Neutron Source was sponsored by
the Research Accelerator Division, Ofﬁce of Basic Energy Sciences, US
Department of Energy.
References
[1] S. Henderson, W. Abraham, A. Aleksandrov, et al., Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment (2014) 611. http://dx.doi.org/10.1016/j.nima.2014.03.067.
[2] V. Danilov, S. Cousineau, A. Aleksandrov, et al., Accumulation of high intensity
beam and ﬁrst observations of instabilities in the SNS accumulator ring, in:
Proceedings of the 39th ICFA Advanced Beam Dynamics Workshop on High
Intensity High Brightness Hadron Beams, 2006, pp. 59–63.
[3] S. Cousineau, V. Danilov, M. Plum, C. Deibele, Instability observations in the
SNS accumulator ring, in: Proceedings of the 42nd ICFA Advanced Beam
Table 1
Additional accumulation turns and percent increase to reach intensity threshold.
Mode Additional accumulation turns
Horizontal Vertical
50 165 (21%) 486 (61%)
60 280 (35%) 410 (51%)
70 156 (20%) 405 (51%)
80 622 (78%) 1725 (216%)
850 kW, 15:3 μC production beam
Z. Xie et al. / Nuclear Instruments and Methods in Physics Research A 788 (2015) 161–167166
Dynamics Workshop on High-intensity, High-brightness Hadron Beams, 2008,
pp. 92–96.
[4] S. Cousineau, Status of high intensity effects in the Spallation Neutron Source
accumulator ring, in: Proceedings of the 2011 IEEE Particle Accelerator
Conference, 2011, pp. 17–21.
[5] W. Höﬂe, Active feedback for curing the transverse resistive wall instability in
the SPS, in: Proceedings of the 10th Workshop on LEP–SPS Performance:
Chamonix X, 2000, pp. 102–106.
[6] N. Eddy, J. Crisp, Transverse digital damper system for the Fermilab anti-
proton recycler, in: Proceedings of the 2006 Beam Instrumentation Workshop,
vol. 868, 2006, pp. 293–297.
[7] C. Deibele, S. Assadi, S. Danilov, et al., Experimental tests of a prototype system
for active damping of the e–p instability at the LANL PSR, in: Proceedings of
the 2007 Particle Accelerator Conference, 2007, pp. 1991–1995. http://dx.doi.
org/10.1109/PAC.2007.4441319.
[8] A. Blas, J. Belleman, E. Benedetto, et al., The new CERN PS transverse damper,
in: Proceedings of the 2009 IEEE Particle Accelerator Conference, 2009,
pp. 2183–2185.
[9] W. Höﬂe, L. Arnaudon, A. Butterworth, et al., LHC transverse damper:
observations versus expectations, in: Proceedings of Evian II Workshop on
LHC Beam Operation, 2010.
[10] C. Deibele, S. Assadi, et al., Status and implementation of a wideband feedback
system for e–p instabilities in the SNS, in: Proceedings of the 42nd ICFA
Advanced Beam Dynamics Workshop on High Intensity High Brightness
Hadron Beams, 2008, pp. 345–349.
[11] R. Hardin, C. Deibele, S. Danilov, et al., Experimental tests of a prototype
system for active damping of the e–p instability in the ORNL SNS accumulator
ring, in: Proceedings of the 2010 IEEE International Particle Accelerator
Conference, vol. 10, 2010, pp. 2809–2812.
[12] Z. Xie, M. Schulte, C. Deibele, Status of the mixed-signal active feedback
damper system for controlling electron–proton instabilities for the Spallation
Neutron Source, in: Proceedings of the 2012 IEEE International Particle
Accelerator Conference, 2012, pp. 2894–2896.
[13] P. J. Chou, G. Jackson, Measurement and analysis of transverse beam transfer
functions in the Fermilab main ring, in: Proceedings of the 1993 IEEE Particle
Accelerator Conference, vol. 5, 1993, pp. 3363–3365. http://dx.doi.org/10.1109/
PAC.1993.309550.
[14] N. Eddy, J. Crisp, M. Hu, Measurements and analysis of beam transfer functions
in the Fermilab recycler ring using the transverse digital damper system, in:
Proceedings of the 2008 European Particle Accelerator Conference, 2008,
pp. 3254–3256.
[15] S. Paret, V. Kornilov, et al., Physical Review Special Topics-Accelerators and
Beams 13 (2) (2010) 022802. http://dx.doi.org/10.1103/PhysRevSTAB.13.022802.
[16] Web page of Eltac Ltd. and InterTronic Solutions Inc., 〈http://www.eltac.co.uk〉
and 〈http://www.intertronicsolutions.com〉.
[17] J. Borer, G. Guignard, A. Hofmann, et al., IEEE Transactions on Nuclear Science
NS-26 (3) (1979) 3405. http://dx.doi.org/10.1109/TNS.1979.4330051.
[18] A.W. Chao, Physics of Collective Beam Instabilities in High Energy Accelerators,
Wiley, New York, 1993.
[19] D. Boussard, Schottky noise and beam transfer function diagnostics, in: CAS-
CERN Accelerator School: 5th Advanced Accelerator Physics Course, 1986,
pp. 749–782.
[20] Z. Xie, M. Schulte, C. Deibele, Design and analysis of an FPGA-based active
feedback damping system for the Spallation Neutron Source, in: IEEE Work-
shop on 2010 Signal Processing Systems, 2010, pp. 204–209. http://dx.doi.org/
10.1109/SIPS.2010.5624790.
Z. Xie et al. / Nuclear Instruments and Methods in Physics Research A 788 (2015) 161–167 167
